Introduction
Contact mechanics is outstanding point of the Railway engineering. Components of the forces which occur on the contact interface directly affect vehicle traction, material degradation of the railway track parts and vehicle dynamics. Rolling contact fatigue, wear of rail and wheel, stress distributions on contact patch and dynamic response of railway vehicles are prevalently researched topics, which are related to wheel and rail contact.
Stress distribution on the contact interface is an effective factor for the normal and tangential problems. The normal problem consist of finding the pressure and dimensions of the contact area. The first examination of the normal problem was performed by Hertz, who used some assumptions such as full elasticity, half space approach etc. [1] . Tangential contact phenomena including the relationship between components of creepage and tangential forces were investigated by various researchers amongst whom J.J. Kalker contributed prominently to wheel-rail rolling contact theory [2] . Early use of finite element (FE) method in 2D rolling contact problems was stated in [3] . Yan and Fischer [4] analyzed application of Hertz contact theory on real wheel-rail contact problem. Srivastava et al. [5] carried out analytical approach based on Hertz contact theory and (FE) analysis in wheel-rail contact. Effects of different parameters of wheel and rail profiles was examined into normal contact problem. Arslan and Kayabaşı [6] researched foundation of wheel-rail contact in (FE) analysis and described flowchart of 3D solutions.
3-D wheel-rail contact simulations have been performed with the advances in capacity of computers. Zhao and Li [7] proposed 3D transient frictional rolling contact model to investigate the stress distribution over the contact patch (140 km/h translational velocity). Cylindrical shaped wheel profile was considered in the study. In order to validate maximum pressure and contact area results which were result of (FE) model, Hertz contact theory and Contact software [8] were implemented. Furthermore, 3D elastic-plastic rolling contact model was set up to focus on stick-slip areas [9] . Vo et al. [10] used elastic-plastic material model to observe stress distribution and material response under various adhesion conditions. Canted and non-canted rail structure were utilized in order to compare effects of cant angle, also 80 km/h travel velocity was applied. Result of FE analysis were compared with respect to Contact software and Polach's model by means of normal and tangential forces. Zhao et al. [11] examined a 3-D rolling contact model to simulate contaminated surface of rail at high speed conditions (300 km/h). Zhao et al. [12] observed wheel and rail interaction at high speed railroad having short pitch rail corrugations. Wiest et al. [13] evaluated the contact pressure, contact area and penetration depth at wheel-rail/switch contact by means of FE analysis.
The main target of this study is to assess FE analysis procedure and effective parameters of 3-D rolling contact using FE analysis in low adhesion and low speed conditions in which there is lack of such an analysis from authors' knowledge. In addition, for low speed conditions, different from previous studies transition in coefficient of friction (COF) from high to low level was observed. So as to validate results of study, methods which have been used by previous researchers were implemented. Not only linear elastic mechanical properties of material was used but also elastic-plastic material model was considered.
Material and methods

Modelling of wheel-rail rolling contact
Real wheel profiles have been used in our work, however cylindrical wheel profile is used in this study for purposes of comparability with methods based on Hertzian geometry and for elimination of small components of geometrical spin. The wheel with 920 mm rolling diameter and commonly used theoretical rail profile UIC 60 [14] were set up in order to simulate real contact geometry. A non-canted straight rail with 1600 mm of length and whole wheel body were modelled. Schematically illustration of rolling contact assembly is given in Fig. 1 . The x axis of model was placed along the rail extrude direction and the z axis was defined at the vertical direction of the rail bottom.
Fig. 1 Schematic illustration of rolling contact model
Undesired vibrations take place in simulations due to effects of rolling contact motion. A flexible and damped subtrack system was added with the purpose of preventing those motions. Parameters subtrack system, which were implemented in previous study [15] , are presented in Table 1 . 
Pure longitudinal creepage was described with the value of 0.003 which, for theoretical steel-to-steel tangential flexibility means the mode of partial sliding. Translational and angular velocity components of wheel motion were determined according to Eq. (1) in which ξ, ω, V and R are the longitudinal creepage, angular velocity of wheel around the axis of axle, translational velocity of wheelset and radius of wheel, respectively. Since low adhesion and low speed characteristics were considered, 3000 mm/s (10.8 km/h) the translational and 6.5414 rad/s of rotational velocity were selected. Lateral and spin creepage was not present.
The procedure of the FE solution is summarised as a flowchart in Fig. 2 . The chart represents the steps of rolling contact FE solutions. [16] . The whole assembly was meshed with C3D8R reduced integrate solid element (Fig. 3) . Almost whole geometry has coarse structure, only stress measurement zone (SMZ) has finer mesh structure. Different mesh sizes were applied to SMZ such as 1, 0.8, 0.6, and 0.4 mm. Duration of simulation was divided in two steps. In the first step, normal force was applied on reference point which is located on the central position of wheel with respect to time dependent amplitude without motion. Values of that motion reached desired level with time before the bodies came into contact over the SMZs.
The parameters of subtrack system were embedded in spring and damper system, also top points of the system were connected with bottom surface of rail via constraint. Width of the coupled area is 130 mm and distance between two subtrack structures is 600 mm [10] . Point to point connection type [16] was used to define rail pad having 7.5 mm length (Table 1) . In order to assemble the ballast part of the track, same connection definition was applied. Sleeper was defined as isotropic point mass.
Normal and tangential interaction was defined in wheel-rail connection. Surface of wheel and target surface of rail were described as "master" and "slave", respectively. Normal force was transmitted through the normal contact algorithm, and tangential contact algorithm was selected to add tangential interaction properties [16] . COF was assumed to be constant (0.4) and isotropic (only changing suddenly at the transition between high and low adhesion zones, as described below). Surface properties of the parts are accepted as smooth, and surface roughness wasn't considered. So as to observe effects of friction on distribution of normal stress and contact patch, a frictionless analysis was also conducted. Necessary boundary conditions were selected in the rectangular coordinate system. Lateral motion of wheel was restricted and bottom of the rail was free to move in the vertical direction.
Surface of the track can be contaminated from environmental conditions or affected by environment effects like leaf layer etc. that gives rise to unstable surface properties of the track, so adhesion properties are directly influenced.
In addition to previous examinations, transient friction properties are performed. SMZ was divided into two parts; COF is equal to 0.06 and 0.03, respectively. Model of the zone is presented in Fig 4. These friction properties, which were defined as low and very low friction condition, are given in the literature [17] . Linear elastic and bi-linear elastic-plastic material models were considered in the examinations. All of them are given in Table 2 . The bi-linear material model is determined by Zhao X. & Li Z. [9] based on the parameters given by previous studies [18, 19] .
Gravitational force effect was neglected. The elastic-plastic material model has a constant tangent modulus. 
Results and discussion
Validation procedure
In the literature, researchers evaluated various ways for the aim of validating their results. Pressure distributions were compared with Hertz contact theory and Contact software [8] that was used also to validate shear stress distributions. Polach's model [20, 21] and Kalker's studies implemented in the Contact software were used for comparison of tangential forces. In this research, all of these methods were applied and their results were listed in Table 3 .
The foundation of the Polach's model depends on integration of the shear stress distribution over the contact patch to derive the traction force. The shape of the contact is accepted to be elliptical. Dimensions of the area and normal stress distribution are imported from Hertz contact theory. The tangential force (F) defined by Polach (without spin) is given Eq. (2). Q is the wheel load, sx is longitudinal constituent of the total creep, G is the shear modulus [20, 21] and cjj is the Kalker's coefficient [22] . Calculation of the Hertz contact theory [1] depends on curvatures of the bodies in contact. Wheel has cylindrical shape so lateral curvature of the wheel is infinite. Additionally, sketch of the rail extruded as straight resulting in curvature of the rail is infinite in longitudinal direction.
Numerical results
All of the outputs of the computations which include normal force, traction force, maximum contact pressure and area of contact are given in Table 4 .
Different mesh sizes were assigned for whole model at simulations. Influence of the mesh size on contact parameters were observed. In addition, an element edge size (1 mm) was examined to figure out difference in frictional (Fig. 6 ) and frictionless rolling contact. All of the results were taken from SMZ. That is why the zone has finer mesh structure, whereas other sections has coarse mesh density.
First of all, there is no distinctive difference in results of frictionless and constant COF in the normal problem. Only, small change is seen in value of total contact area. In the Table 4 , outputs of four different mesh sizes are given. As for the maximum contact pressure, there is an inverse relationship between mesh density and maximum contact pressure. Higher contact pressure occurs with finer mesh density, but there is difference for 0.4 mm mesh size. Also result of that is closer to analytic calculation Hertz and Contact software. Furthermore, the same situation is observed for the maximum contact shear stress. Maximum shear stress level of the 0.8 mm meshed model is 30 MPa higher than 1 mm meshed model, but there is approximately 9 MPa difference between 0.4 mm and 0.6 mm mesh sizes.
Total contact area has decreasing trend with finer mesh structure, and results of the coarse and finer mesh structures are close. Theoretical value of the normal force must equal to applied vertical load. Even so, 100 kN total normal force, which occurs on the contact patch, cannot be obtained over the contact area due to small fluctuations arising from undesired vibrations and motions on parts.
In addition to linear elastic material properties, elastic-plastic material model was employed to rolling contact simulation. In the plastic analysis, remarkable differences were obtained. The total contact area is bigger than in elastic analysis, and maximum pressure is lower in elasticplastic analysis. As it seen on Fig. 5 , shapes of the contact areas are different. The geometry of contact that is resultant of the elastic analysis is elliptical. However, the geometry of the elastic-plastic analysis isn't elliptical. Zhao et al. called that geometry as "egg shape" [9] . Reason of that can depend on calculation type of contact area in the ABAQUS TM [16] . On the other hand half space assumption and others are not used in FE analysis. Maximum pressure level of 0.4x0.4 mm 2 meshed model is close to result of the Hertz contact theory and Contact software.
As the mesh structure gets finer, value of the maximum shear stress increases in FE analysis. In addition to previous results which include constant COF, multi-frictional SMZ was simulated. In the study, effects of the suddenly changed COF were taken into account. Normal and tangential forces were particularly examined. Normal and traction force values were taken from the contact patch during simulation. Fig. 7 gives normal and traction force values of rolling contact for multi-friction SMZ. When the wheel comes to border between two zones, value of normal force is obtained from zone I and zone II, respectively. It can be seen that value of total value normal force doesn't change. But for the traction force, traction force suddenly decreased.
Effects of very low frictional conditions on traction However, traction force corresponding to 0.03 is of course lower that for 0.06. Fig. 7 Distribution of normal and traction forces on the multi-frictional zone Fig. 8 Distribution of normal and traction forces on the multi-frictional zone
Conclusion
As results of the simulation which were carried out in low speed and low adhesion conditions, some outputs were derived:
 mesh density is an effective parameter on the traction bound;
 solution with coarse mesh such as 1 mm should be considered because of the time cost of the analysis;  in order to validate results of simulations which has elastic material behaviour, each of the methods that were computed in the study can be used;
 COF suddenly change in contaminated area on the track. Traction force was significantly is affected owing to contamination.
Irregular track surface, small deformations on the wheel surface, and effects of the cyclic deformation on traction bound may be worked in further research. 
